Abstract-The generalized dual-series approach to the capacitive and inductive iris waveguide problems is presented. Currents on the iris and plots of the fields and power flow in the vicinity of the iris are given for the capacitive iris case. It is found that vortices form in the iris region when higher order scattered modes are present. The formation of these vortices
In addition, they lead to general engineering analysis and design "rules of thumb" for more general geometries and to the development of improved numerical techniques, especially near the discontinuities where those methods may encounter difficulties.
In this paper, we will introduce the generalized dualseries (GDS) approach to rectangular waveguide iris prob-
lems. This method was introduced in [21] -[23] as it applies
to the mixed boundary value problems that characterize the coupling of electromagnetic energy through apertures. It is based upon the solution to the Riemann-Hilbert problem of complex variable theory and allows one to obtain essentially analytical solutions to a large family of canonical problems.
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In contrast to most standard techniques, the GDS approach does not require an expansion of the field in the aperture. Only the expansions of the fields on both sides of the iris are considered. It thus avoids all relative convergence problems [24] , [25] . Moreover, it naturally incorporates the (singular) behavior of the fields and currents near the edge of the iris. The GDS approach also allows one to treat directly the dual-series systems, which are obtained from the enforcement of the electromagnetic boundary leads to an increase in the number of vortices. The formation of the vortices and their effects on power flow past the iris will be described below.
II. PROBLEM FORMULATION
The problem configuration is shown in Fig is taken along the length of the guide, x along its width, and y along its height. The incident wave arrives at the iris from the negative z direction. Because the iris is assumed to be uniform across the guide, the problem is actually two-dimensional; there is no scattering in the transverse direction.
A. Dual-Series Derivation
The incident and scattered fields are first expressed in terms of eigenmodes or, simply, the modes of the wave- 
Each set comprises a dual-series problem. The first, eqs.
(l), corresponds to the capacitive iris case; the second, eqs.
(2), corresponds to the inductive iris case. 
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Clearly, x~goes to zero as (kb) 2 in the static limit. Note that the argument of the Legendre polynomials, which is always cos @, is suppressed for notational convenience. To obtain (12), for instance, we have taken in (lOa) an asymptotic form of the coefficients V;
The need for two asymptotic forms of the solution coefficients arises from a basic difference between the current and HX sums and the Ey and E= sums, which reflects the difference in the behavior of these terms near the edge of the iris.
A. Current Sums
The current on the iris is simply the difference between the scattered magnetic fields on either side of the iris. 
the "singular" of the iris. As
is obtained in a straightforward manner. The second sum in (15) converges rapidly numerically and is truncated for Iml>ll.
B. Electric and Magnetic Field Sums
The electric and magnetic field sums are preconditioned in a similar manner. 
where {~= m~/b. As shown in Appendix IV, setting
so that ]A + I <1 and IA_ I -= 1 and introducing the terms
J1-2Acos@+A2 the analytically calculated sums are
Note thus, that for z = O, the factors A+ = e'+ and A_~e-'+; near the edge of the iris, where @-0 -c, giving
Cos + -cos @ + c cos @, the field terms 
3(a)-(d)
is correlated to the number of propagating scattered modes. At 3 GHz, there is only the fundamental mode present. At 8 and 11 GHz, the guide supports two propagating modes. At 15 GHz, there are three propagating modes present. Fig. 4 illustrates the efficacy of our field calculations near the edge of the iris. Contours of the electric field are given respectively for a 3-GHz and a 4-GHz excitation.
The large values of the contours correspond to the presence of a singularity in the field at the edge of the iris. 2 .
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The vortices appear in a periodic manner for Notice in Fig. 5(b) that just prior to the TE12 mode both the regions z <0 and z >0. However, in comparison threshold, the power pattern is very symmetrical about the to the region z >0, the overall pattern of the vortices for iris while just past this threshold it is very asymmet~ical. plots are an artifact of this process and occur when variations exist that are smaller than the grid spacing.
As illustra~d in Fig. 6(a) -(c), where vector and contour plots of Re P and contour plots of IHXI are given for incident frequencies of 3.0 GHz (top plot), 5,0 GHz (middle plot), and 9.1 GHz (bottom plot), the number of vortices present is directly connected to the number of propagating modes scattered by the iris. Furthermore, as shown in Fig. 6(a) , the evanescent modes scattered from the iris are responsible for "lifting" the power flow over the iris. Without their presence, the power would simply flow longitudinally along the length of the waveguide. Note, however, that as the frequency increases, the domain of influence of the evanescent modes becomes more localized to the vicinity of the iris, thus diminishing their role in the field patterns or power flow. Consequently, the vortex formation is found to be purely a consequence of the interplay of the propagating modes. The view of the 5.O-GHZ case is expanded in Fig. '7(a) and (b) to demonstrate~he periodic location of the vorti~es. The vector plot of Re P and the contour plot of IHXI are given in Fig. 7(a) Moreover, after the appearance of the second propagating mode, there is always a well-defined vortex located directly in front of the iris. Its location actually slightly approaches the iris as the frequency is increased. The other vortices in this region are then periodically located relative to this vortex.
The vortices appear even f~r small irises, as shown in Fig. 9 , where vector plots of P are given for a 30-percent iris and for incident fields of frequencies 3.0 GHz and 9.5
GHz.
As demonstrated in Fig. 10(a) and (b) 
f~<::zz:::::::: . . Fig. 6 . As the number of higher order scattered modes increases, the num+ber of vortices increases. This is illustrated with (a) vector plots of Re P for a 50-percent iris and a TEIO mode incident at frequencies of 3.0 GHz (top), 5.0 GHz (middle), and 9.1 GHz (bottom).
70-percent iris, the vortex directly in front of the iris matches its height to the height of the iris. This appears necessary to channel the power flow above the iris. As is apparent in all of the above cases, when vortex formation occurs, the power flow along the guide can be drastically altered from the uniform flow found in an empty guide. To emphasize this point, the small (middle) and large (bottom) power contours are included in Fig. 11 along with the vector plot (top) of the 70-percent iris case given in Fig,   10 (b). One turbulent vortex and several weaker vortices have been established that create a very nonuniform channeling of the power flow in the vicinity of the iris.
Because their structure is more complicated, more complex vortex patterns occur when higher order modes are incident upon the iris. This is demonstrated in Fig. 
12(a)-(d) for an 8.O-GHZ signal. A TEII mode is incident,
respectively, upon a 50-percent and a 70-percent iris in Fig. 12(a) and (c). A TE20 mode is incident upon the same irises in Fig. 12(b) and (d) . In contrast to the TEIO mode \ incidence case, the TEII mode pattern creates several more smaller vortices directly in front of the iris. The TESO cases are very much the sam-e as for the TEIO mode exc~pt that the vortices appear at different frequencies due to the different cutoff frequencies of the TEz~modes.
Since the frequency scans discussed above can be extended to a much finer scale, one can construct the transfer function for the capacitive waveguide iris configuration. Then, using an FFT algorithm, time-domain field configurations can be made. We have actually made movies for a limited number of cases involving narrow-band, pulsed excitations.
As one would expect, these timedomain results mimicked frequency-domain results for the carrier frequency.
Vortex formation was apparent as the pulse interacted with the iris.
V.
SUMMARY
The generalized" dual-series solutions to the capacitive and inductive waveguide iris problems were presented. Equations (A2) and (A4) and (6 -+) -1/2 near the edge of the iris. As in the capacitive iris case, the YIM term is responsible for this difference.
Nonetheless, the dual-series system (2) can be reduced to the form (Al) as follows. Let the angles~= n -@ and * = r -@ and the coefficients 1~= 
A combination of (A9) and (A1O) yields the asymptotic
